Abstract We have proposed the novel concept that the macrophage ubiquitin-proteasome pathway functions as a key regulator of Lipopolysaccharide (LPS)-induced inflammation signaling. These findings suggest that proteasome-associated protease subunits X, Y, and Z are replaced by LMP subunits after LPS treatment of RAW 264.7 cells. The objective here was to determine the contribution of selective LMP proteasomal subunits to LPS-induced nitric oxide (NO) and TNF-a production in primary murine macrophages. Accordingly, thioglycollateelicited macrophages from LMP7, LMP2, LMP10 (MECL-1), and LMP7/MECL-1 double knockout mice were stimulated in vitro with LPS, and were found to generate markedly reduced NO levels compared to wild-type (WT) mice, whereas TNF-a levels responses were essentially unaltered relative to wild-type responses. The recent studies suggest that the TRIF/TRAM pathway is defective in LMP knockouts which may explain why iNOS/NO are not robustly induced in LPS-treated macrophages from knockouts. Treating these macrophages with IFN-c and LPS, however, reverses this defect, leading to robust NO induction. TNF-a is induced by LPS in the LMP knockout macrophages because IjB and IRAK are degraded normally via the MyD88 pathway. Collectively, these findings strongly support the concept that LMP7/MECL-1 proteasomes subunits actively function to regulate LPS-induced NO production by affecting the TRIF/TRAM pathway.
Introduction
Lipopolysaccharide (LPS) is the prototype activator of macrophages via Toll-like receptors, leading to the generation of several pro and anti-inflammatory mediators through the MyD88-dependent or MyD88-independent TRIF/TRAM pathways. When produced in excess, these cause inflammation that can lead to development of septic shock. Results of the recent studies indicate that the macrophage proteasome is a key regulator of macrophagedependent inflammation and plays a pivotal role in LPSinduced signaling and gene expression [1] [2] [3] [4] . The 20S proteasome contains three distinct subunits (X, Y, and Z), with well-characterized protease sites: subunits X (b5), Y (b1), and Z (b2) display chymotrypsin-like, post-acidic (post-glutamyl), and trypsin-like activities, respectively [5] . Treatment of macrophages with IFN-c, well recognized for its capacity to amplify the response of these cells to LPS [6] , has been shown to alter the subunit composition of proteasomes [7, 8] . Following stimulation with IFN-c, subunits X, Y, and Z are replaced by ''immunoproteasome'' subunits LMP7, LMP2, and MECL-1, respectively [7, 8] that, in turn, have traditionally been reported to enhance antigen processing in the development of specific acquired immune response. The contribution of these IFN-c-induced proteasome subunit substitutions to IFN-cinduced amplification of inflammatory responses, however, has not been extensively explored.
Results of the recent studies have provided strong evidence that, in addition to IFN-c, LPS also induces expression of immunoproteasomes [9, preceding manuscript] . Based upon these findings, we have hypothesized a model in which LPS interaction with RAW 267.4 cells, which express X, Y, and Z subunits predominantly, leads to activation of the basal proteolytic activities associated with the X, Y, and Z subunits, while inducing the LMP immunoproteasome subunits. Thus, activation and induction of immunoproteasome subunits, in turn, thereby modify the immune response by altering specific proteolytic cleavage profiles of the activated immunoproteasome. The development of immunoproteasomes also effects changes in the expression of specific signaling molecules and transcription factors. This affects levels of gene expression, as well as potential degradation of mediator signaling proteins and late stage mediators such as NO. However, the relative contribution of each of the three individual subunits of immunoproteasomal proteases in innate immunity is not known. Whether the proteasomes play an active role in cytokine activation, NO formation, and signaling pathways in response to LPS has not been defined in detail.
Mice with targeted mutations in specific proteasome subunit genes (i.e., those encoding LMP2, LMP7, and MECL-1) have been recently developed and characterized with respect to T cell activation and antigen presentation [10] . In this respect, proteasomes are known to play an important role in the processing of antigenic peptides for the class I MHC pathway [8] , as well as in the initiation of T cell proliferation, cell cycle progression, signal transduction pathways, and activation of NF-jB by degrading IjB [11, 12] . Caudill et al. [10] provided evidence that T cells lacking both MECL-1 and LMP7 proteasomal subunits proliferate in response to polyclonal T cell mitogens, and that this mitogenic response is independent of class I MHC antigen processing. In addition, these investigators have shown that mice lacking the inducible proteasomal subunits have diminished influenza epitope-induced IFN-c production in CD8 ? T cells [13] . Recently, a role for LMP2 has been described in antiviral humoral and innate immune responses in lymphocytes have been associated with altered NF-jB activity [14] . In addition, immunoproteasomes have been involved in increasing the peptide supply for antigen presentation [15] . Collectively, these results strongly support the conclusion that specific proteolytic subunits of the proteasome are likely to play a far greater role in regulating immune responses than simply contributing to antigen presentation or processing. However, the mechanisms by which immunoproteasomes regulate LPS-induced signal transduction, and whether or not these play an active role in innate immunity are not well understood.
In this study, we demonstrate that macrophages derived from mice with targeted mutations in LMP genes exhibit highly dysregulated cytokine induction in response to LPS in vitro. Specifically, NO levels in supernatants of LPSstimulated macrophages from LMP -/-mice are markedly reduced compared to macrophages from wild-type mice, whereas TNF-a levels are essentially unaltered or upregulated in LMP-deficient macrophages. In addition, we have shown that the LPS-induced MyD88 pathway was functional, while the TRIF/TRAM and IRF-3 pathways were defective in LMP knockout macrophages. These studies reveal a novel active function of the proteasomal subunits, LMP2, LMP7, and MECL-1, in regulating LPS-induced pathways.
Materials and Methods

Reagents
Highly purified, deep rough chemotype LPS (Re LPS) from Escherichia coli D31m4 was prepared as described by Qureshi et al. [16] . For tissue culture studies, Dulbecco's Modified Eagle Medium, heat-inactivated low-endotoxin fetal bovine serum, and gentamicin were all purchased from Cambrex (Walkersville, MD). Thioglycollate was purchased from Sigma, Aldrich (St. Louis, MO) and RNeasy mini kit from QIAGEN sciences (Germantown, MD).
Animals and Cell Culture LMP7, LMP2, MECL-1, and LMP7/MECL-1 double-null mice were generated and bred as described [10] . Age-matched control mice (C57BL/6, Wild type [WT]) were purchased from Charles Rivers Laboratory (Wilmington, MA). Primary, thioglycollate-elicited peritoneal macrophages were prepared from C57BL/6, LMP7
-/-, LMP2 -/-, MECL-1 -/-, and LMP7 -/-/MECL-1 -/-on a C57BL/6 background as described previously [3] . All studies were conducted following institutional approval of animal protocols.
Detection of Cell Viability
Viability of peritoneal macrophages treated with LPS was determined by a quantitative colorimetric assay with 3-(4,5)-dimethylthiozol-2,5-diphenyltetrazolium bromide as described previously [17] .
Measurement of TNF-a and NO
The levels of TNF-a in cell culture supernatants were determined by Quantikine M ELISA kit (R&D System, Minneapolis, MN) according to the manufacturer's instructions. The lower limit of detection for TNF-a using this method is approximately 5.0 pg/ml. The presence of NO in the supernatants was assayed using the Griess reagent kit (Sigma-Aldrich, St. Louis, MO).
Western Blot Analysis
Thioglycollate-elicited macrophages from control C57BL/ 6 mice and LMP7
-/-/MECL-1 -/-knockouts were treated as described in the legends to the figures. After stimulation, macrophages were washed with PBS, and cytoplasmic extracts were prepared from cells using cell extraction buffer (Biosource, Camarillo, CA) supplemented with a protease inhibitor cocktail, containing phenylmethylsulfonyl fluoride and phosphatase inhibitors, according to the manufacturer's directions as described previously [3] . Protein concentrations were measured with BCA protein assay kits (source). Western blots were used to measure the relative proportions of the proteins of control C57BL/6 macrophages and macrophages from LMP7
-/-/MECL-1 -/-knockouts (a Western blot analysis showed the presence of X, Y, Z, and LMP2 subunits in the thioglycollate-elicited macrophages from the double knockouts). Each well of the gel was loaded with 20-40 lg of protein and samples were electrophoresed at a constant 150 V in 19 Tris glycine buffer for 50 min. Proteins in the gels were transferred onto the Immobilon Transfer Membranes (IPVH 15150; Millipore, Bedford, Mass) using the semidry transfer cell and, after the appropriate antibody treatments, bands were visualized with an enhanced chemiluminescence detection kit (Pierce) as described previously [4] .
Real Time RT-PCR
Total RNA was extracted from cells using RNeasy mini kit (Qiagen Sciences, Germantown, MD) according to manufacturer's instruction. First-strand cDNA was prepared by TaqMan reverse transcriptase reagents (Applied Biosystem, Foster City, CA) using Peltier thermal cycler from MJ Research (Waltham, MA). The reverse transcribed cDNA was amplified and quantified using power SYBR green PCR master mix by Step One real time PCR system (Applied Biosystem) with specific primers according to manufacturer's protocol. The primer sequences were used as follows: TNF-a, 5-CATCTTCTCAAAATTCGAGTGA CAA-3 (forward primer), 5-TGGGAGTAGACAAGGTA CAACCC-3 (reverse primer); IL-1b, 5-CCATGGCA CATTCTGTTCAAA-3 (forward primer), 5-GCCCAT CAGAGGCAAGGA-3 (reverse primer); IL-6, 5-GAGGA TACCACTCCCAACAGACC-3 (forward primer), 5-AAG TGCATCATCGTTGTTCATACA-3 (reverse primer); iNOS, 5-GGATCTTCCCAGGCAACCA-3 (forward primer), 5-TCC ACAACTCGCTCCAAGATT (reverse primer); and IP-10, 5-CCTCATCCTGCTGGGTCTG-3 (Forward primer), 5-CTC AACACGTGGGCAGGA-3 (Reverse Primer), GAPDH, 5-TGTAGACCATGTAGTTGAGGTCA-3 (Forward primer), 5-AGGTCGGTGTGAACGGATTTG-3 (reverse primer). Following amplification, melting curve analysis was performed at temperature between 60 and 95°C. Target genes mRNA copies were normalized to housekeeping gene GAPDH mRNA levels.
Results
LPS-Induced NO, but not TNF-a, is Markedly Reduced in Macrophages from LMP Knockout Mice
RAW 264.7 macrophages which contain predominantly X, Y, and Z subunits in their proteasomes (preceding manuscript). In contrast, thioglycollate-elicited macrophages from the C57BL/6 macrophages have mixed proteasomes that contain X, Y, Z, LMP7, LMP2, and MECL-1 subunits (data not presented).
The previous experimental results demonstrated that LPS stimulation of WT C3H/FeJ thioglycollate-elicited macrophages induced an increase in the expression of LMP proteasome subunits [3] . We also showed in the RAW 264.7 cell line that changes in the proteasomal subunits can be correlated with increases in the ratio of chymotrypsinlike activity/post-acidic activity and LPS-triggered NO production in these macrophages (preceding manuscript). Therefore, we hypothesized that absence of LMP proteasome subunits would adversely affect the ability of macrophages to produce NO in response to LPS stimulation. To test this hypothesis, we evaluated responses of macrophages derived from mice with targeted mutations in genes that encode several of the proteasome subunits, relative to macrophages from WT mice.
For these studies, we used macrophages from C57BL/6 mice as WT controls because the LMP7 -/-, LMP2 -/-, MECL-1 -/-, and LMP7/MECL-1 -/-knockout mice [12] were backcrossed onto a C57BL/6 background. We compared LPS-induced levels of TNF-a and NO in supernatants
from in vitro cultures of thioglycollate-elicited peritoneal macrophages obtained from both WT and knockout mice (Fig. 1) . TNF-a levels in culture supernatants of LPS-stimulated macrophages from knockout mice were not significantly reduced in LMP7 -/-, LMP2 -/-, MECL-1 -/-, and LMP7
-/-/MECL-1 -/-when compared to the controls (Fig. 1) . Conversely, the results demonstrate markedly reduced LPS-induced secretion of NO in culture supernatants of LPS-stimulated macrophages from all LMP knockout mice compared to control mice (Fig. 1) . Collectively, these findings support the concept that inducible LMP proteasome subunits are potentially key regulatory components of the activation pathway for LPS-induced NO release, but do not appear to play an equivalent role in LPS-induced TNF-a production.
We and other authors have shown previously IFN-c synergizes with LPS to induce NO. We, therefore, tested the effect of IFN-c on the LPS-induced NO in murine macrophages. The addition of IFN-c to the cultures reversed this effect, showing significant increases in the LPS-induced NO in macrophages from all LMP single knockout mice; however, the levels of NO were still reduced compared to the responses of WT macrophages (Fig. 2) at 48 h. In contrast, the levels of NO in macrophage culture supernatants from double knockout mice approached the control values. These data suggested that the major defect in the LMP7 -/-/MECL-1 -/-macrophages is the absence of an IFN-mediated signal. In support of this interpretation, when IFN-c is added exogenously, NO is again induced in response to LPS. Since the induction of NO requires the MyD88-independent, TRIF/TRAM pathway, we hypothesized that this pathway, leading to the phosphorylation of IRF3, may not be functional in the macrophages of both single and double LMP knockouts. However, the effect was more pronounced in the double knockouts. To test this hypothesis, we treated primary macrophages from wild-type control and LMP7
-/-/MECL-1 -/-double knockout mice without or with LPS for 0, 0.5, 1, 2, 4, and 8 h, and measured the relative levels of iNOS, IFN-c, and signaling proteins in the cell lysates using Western Blotting (Fig. 3) . Upon stimulation with LPS, we observed a time-dependent change in the levels of iNOS, IFN-b, IFN-c, and key signaling proteins such as P-STAT1 S727, P-STAT3 S727, and P-IRF3 were either undetectable, or were not as robustly induced in the LPS-treated LMP knockout macrophages as compared with the WT controls. In contrast, STAT2P Y690 was more robustly induced in the macrophages from knockouts, as compared to the macrophages from control mice. Degradation of ubiquitinated IjB by the proteasome for NF-jB activation occurred in macrophages from both controls and LMP knockouts suggesting that the defect is upstream of NF-jB. Collectively, these results suggested that the TRIF/ TRAM pathway involving P-IRF3, STAT1, and IFN induction is not functional in the macrophages from the double knockouts. -/-, LMP2 -/-, and MECL-1 -/-knockouts. Thioglycollateelicited peritoneal macrophages were cultured in vitro and treated with medium or ReLPS at 0 (M), and 10 (L10) ng/ml for 8 h, and then supernatants were assayed for TNF-a by ELISA. Thioglycollateelicited peritoneal macrophages were also cultured in vitro and treated with medium or ReLPS at 100 (L100) ng/ml for 48 h, and supernatants were assayed for NO using the Greiss reagent. This experiment was repeated three times. Data is plotted as % over WT controls , LMP2 -/-, and MECL-1 -/-double knockouts. Thioglycollate-elicited macrophages were cultured in vitro and treated with medium or ReLPS at 100 (L100) ng/ml, and IFN-c (50 units) for 48 h, and supernatants were assayed for NO using the Greiss reagent. This experiment was repeated three times. Data is plotted as % over WT controls
Levels of LPS-Induced Gene Expression of IL-1, IL-6, and iNOS, but not TNF-a, are Markedly Reduced in Macrophages from LMP Knockout Mice
We have shown that the proteasomal LMP subunits contribute to the LPS-induced secretion of NO but not TNF-a. We hypothesized that this may be due to decreased gene expression of iNOS, but not TNF-a. To test this hypothesis, we treated primary macrophages from both control and LMP7
-/-/MECL-1 -/-double knockout mice with or without LPS for 0, 1, 4, and 8 h and monitored levels of gene expression using real time RT-PCR (Fig. 4) . The results demonstrate that transcription of IL-1, IL-6, and iNOS, in response to LPS are dependent on LMP7 and MECL-1 subunits. In contrast, levels of transcription of TNF-a in response to LPS are independent of these subunits. An IFNinducible IP-10 gene was also partially affected in LPStreated macrophages from knockouts, as its kinetics changed and this gene was expressed later as compared to control macrophages. Overall, the results demonstrate that the subunits X, Y, and Z in part, may be responsible for the transcription of TNF-a as shown in the preceding manuscript, while the LMP7 and MECL-1 subunits are likely responsible for the transcription of iNOS, IL-1b, and IL-6.
Discussion
In this study, we have used LMP knockout mice to confirm and extend the previous studies in RAW 264.7 cells and in primary murine macrophages. Collectively, the results of this investigation provide strong evidence, for the first time, IFN-c, IFN-b, and LPS-inducible proteasome protease sites are central to the expression of LPS-induced NO, IL-1b, and IL-6. In stark contrast to these results, LPSinduced TNF-a production was not detectably decreased in macrophages derived from LMP2 -/-, LMP7 -/-, MECL-1 -/-, or MECL-1 -/-/LMP7 -/-knockout mice relative to macrophages from WT mice. Consequently, the results of these studies support and extend the previous observations that TNF-a and NO are induced in macrophages in response to LPS through distinct proteasome-regulated pathways [1] [2] [3] [4] [5] . The specific protease functionalities defined by specific subunits in the proteasome play a crucial active role in agonist-induced signal transduction.
These results indicate that LPS-induced NO is not detectable in culture supernatants of macrophages derived from LMP knockouts; therefore, we hypothesized that the TRIF/TRAM pathway responsible for the activation of IRF-3 and IFN-b production does not occur. We monitored the levels of key LPS-dependent signaling proteins induced in macrophages of controls and LMP7
-/-/MECL-1 -/-double knockout mice. We found that the LPS-induced P-IRF3 pathway was not operative in macrophages from the double knockout mice while I-jB-a was being degraded, albeit, at a somewhat lower level of IjB at 0 time as compared to control WT macrophages. We found that IRAK1 was degraded normally by the proteasomes of controls and double knockouts. These results suggest that the MyD88 pathway is functionally intact, but the TRIF/ TRAM pathway has defects in the phosphorylation of IRF3 and phosphorylation of STAT1. Phosphorylation of STAT1 is known to be required for the LPS-induced iNOS. NO is not induced by LPS in the macrophages of LMP double knockouts and this is likely due to diminished induction of P-IRF3 and P-STAT1, leading to diminished levels of IFNb, IFN-c, and iNOS in macrophages from double knockout mice.
We had previously suggested a pivotal role for the proteasome in LPS-induced signaling and inflammation [1] [2] [3] [4] 18] . LPS treatment of cells triggers two distinct pathways via TLR4 [19] [20] [21] [22] [23] , i.e., the MyD88 and the TRIF/ TRAM pathways (Fig. 5) . The latter involves the degradation of two regulatory proteins, TRAF6 and TRAF3, both of which are K63 ubiquitinated [24] . Based in part on these results, as well significant contributions from other investigators, we propose that LPS interacts at the cell surface with the TLR4 receptor signaling complex via the MyD88 pathway. After LPS is internalized, shown previously by us to occur within 30 s [25] , signaling via the TRIF/TRAM pathway is initiated within the endosome [26] . This leads to activation of the proteasome in its basal state (i.e., in certain cells like RAW 264.7 cells, there is a results that IRF-3 was not robustly phosphorylated, IFN-c was not induced, and P-STAT1 and P-STAT3 were diminished. This may have been due to absence of K63-ubiquitinated TRAF3 in the endosomes. With diminished activation of the TRIF/TRAM pathway, the MyD88/ TRAF6 pathway becomes favored [24] . The consequences of these events are that NO, IL-1b, and IL-6 are not induced in LPS-treated cells. However, the pathway to TNF-a induction remained intact because IjB or some other signaling proteins may be degraded by the X, Y, and Z subunits of the proteasome, as we have observed with RAW 264.7 cells [9] . Further confirmation of the hypothetical mechanism can be found in the previously published results, which established that proteasomal subunits are involved in LPS-induced inflammation [1] [2] [3] [4] . A low dose of 5 lM lactacystin, which binds to subunits X, LMP7 and to a lesser extent Z and MECL-1, blocks NO, IL-1b, and IL-6 in response to LPS to a much greater extent than TNF-a [3] . In summary, proteasomal protease sites present in cells selectively actively regulate signal transduction pathway by degrading the signaling proteins, and alterations in the proteases, as seen in the immunoproteasome, can alter the signaling pathways.
These results help to define an important active role for the proteasome in the development of innate immunity. The profile and magnitude of cytokine (such as TNF-a, IL-1, IL-6), and inflammatory mediator responses to LPS can be significantly modified by altering the protease subunit composition of proteasomes, or by using selective proteasome inhibitors (e.g., lactacystin). As a consequence, the differential profile of cytokine responses to inflammatory stimuli, as regulated by the proteasome, is likely to be important to host outcome in response to Gram negative infections, and can range from beneficial (e.g., eradication of infectious agents and repair of damaged tissue), to highly detrimental (e.g., shock, multiple organ failure, and death). Collectively, these findings support the proteasomal protease sites as potentially valuable therapeutic targets in treatment of septic shock and other diseases in which inflammation may play a key role, such as cancer, asthma, and autoimmune diseases. With regard to cancer, IL-6 and STAT3 are critical tumor promoters during colitis-associated cancer and our results demonstrate that macrophages from the double knockout LMP7
-/-/MECL-1 -/-mice induce diminished levels of IL-6 and no P-STAT3, in response to LPS [28] , thus suggesting that composition of proteasomal subunits are likely to be critically important in defining the agonist-induced response. 
